Abstract Infection with human immunodeficiency virus-1
Introduction
Almost 30 years after emerging into an epidemic, infection with the human immunodeficiency virus-1 (HIV-1) and acquired immunodeficiency syndrome (AIDS) constitutes a persistent health problem worldwide. HIV-1 compromises not only the immune system of its human host, thus eventually leading to AIDS, but the virus also induces a variety of neurological problems and neurocognitive impairments that have recently been categorized as HIVassociated neurocognitive disorders (HAND; Antinori et al. 2007 ). According to standardized measures of dysfunction, HAND defines three categories of disorders: (1) asymptomatic neurocognitive impairment, (2) mild neurocognitive disorder, and (3) HIV-associated dementia (HAD). While this classification scheme improves the assessment of the overall clinical situation for HIV disease of the central nervous system (CNS), the underlying cellular and molecular mechanisms of HAND remain incompletely understood.
However, several lines of evidence strongly suggest that HIV-1 associated neurodegeneration and consequent HAND may occur via at least two major mechanisms (Kaul 2008 ). The first is neurotoxicity as a consequence of either direct exposure to HIV-1 and its fragments or indirect injury through neurotoxins released by infected or immune-stimulated, inflammatory microglia and macrophages (MΦ) in the brain (Giulian et al. 1990; Kaul et al. 2001; Gonzalez-Scarano and Martin-Garcia 2005; Lindl et al. 2010) . The second strike of HIV at the brain constitutes the impairment of neurogenesis (Krathwohl and Kaiser 2004b; Tran et al. 2005; Poluektova et al. 2005; Okamoto et al. 2007 ). In addition, evidence has been accumulating that at the molecular level, both pathological mechanisms critically depend on HIV coreceptors, including CCR5, CCR3 and CXCR4, (Meucci et al. 1998; Kaul and Lipton 1999; Kaul et al. 2001 Kaul et al. , 2005 Gonzalez-Scarano and Martin-Garcia 2005) and downstream activation of mitogen-activated protein kinases (MAPKs), in particular the stress-related p38 MAPK (Kaul and Lipton 1999; Singh et al. 2005; Sui et al. 2006; Kaul et al. 2007; Okamoto et al. 2007; Kaul 2008; Eggert et al. 2010; Gelbard et al. 2010; Medders et al. 2010) .
Therefore, this article will review recent progress in understanding the apparent role of MAPKs in the neuropathological mechanisms associated with HIV-1 infection and presumably underlying the development of HAND with an emphasis on p38 MAPK.
HIV-1 infection, associated neuropathology and development of HAND CD4 and HIV-1/gp120 coreceptors, in particular chemokine receptors CXCR4 (CD184) and CCR5 (CD195), are likely the first sites of host-virus interaction. HIV-1/gp120 associates with CD4 receptors, which are only located on cells of immune lineage, to efficiently engage chemokine coreceptors and infect its primary target cells, macrophages/ microglia, and T-lymphocytes (Bleul et al. 1996; Alkhatib et al. 1996; Dragic et al. 1996; Kaul et al. 2001; GonzalezScarano and Martin-Garcia 2005) . In the brain, CCR3, besides CCR5, seems to facilitate HIV infection of microglia (He et al. 1997) , and while it is generally believed that CCR5-preferring (R5) HIV are macrophage-tropic (Mtropic) and CXCR4-preferring virus strains (X4) infect Tlymphocytes (T-tropic), the reality seems less clear-cut. In fact, it has been found that syncytia-inducing viruses initially thought to be only X4-tropic can also be dualtropic and infect via CXCR4 or CCR5 (Simmons et al. 1996) , and M-and T-tropic simian immunodeficiency virus (SIV) strains can use CCR5 (Edinger et al. 1997) . In any case, most HIV-infected CD4 + T-lymphocytes seem to be efficient propagators of the virus, but also rapidly die from apoptosis, except for a certain number of memory cells that constitute a quiescent, latent reservoir (Pantaleo and Fauci 1995; Chun and Fauci 1999; Alexaki et al. 2008) . In contrast, macrophages infected with HIV-1 are a long-lived reservoir and presumably carry the virus into the brain where they can pass it on to local macrophages and microglia (Koenig et al. 1986; Kaul et al. 2001; Gonzalez-Scarano and Martin-Garcia 2005) .
Interestingly, CCR5 and CXCR4 are present not only on macrophages and microglia but also on neurons and astrocytes which lack CD4 expression (Lavi et al. 1997; Halks-Miller et al. 1997; Rottman et al. 1997; Kaul et al. 2007 ). In fact, interaction between HIV-1 gp120 and CXCR4/CCR5, independent of CD4, has been shown to cause activation of the G protein-coupled receptors and contribute to intracellular Ca 2+ accumulation and signaling . However, infection of astrocytes by the virus, which usually remains non-productive, seems to require a mannose receptor (Liu et al. 2004 ). On the other hand, direct interaction of gp120 with neuronal chemokine receptors (Hesselgesser et al. , 1998 ) may contribute to neuronal injury, while activation of macrophage HIV coreceptors and subsequent release of neurotoxins, such as excitotoxins, chemokines and/or pro-inflammatory cytokines, presumably provide the predominant trigger for neuronal injury and death, as previously suggested (Giulian et al. 1993; Kaul and Lipton 1999; Porcheray et al. 2006; O'Donnell et al. 2006; Cheung et al. 2008; Eggert et al. 2010; Medders et al. 2010 ).
Development of HAND in patients during life time has been correlated to a post mortem neuropathological diagnosis that is often referred to as HIV encephalitis (HIVE). The salient pathological features comprise infiltration predominantly by monocyte lineage cells, such as blood-derived macrophages, activated resident microglia, microglial nodules, multinucleated giant cells, widespread reactive astrocytosis, myelin pallor, and decreased synaptic and dendritic density, combined with selective neuronal loss (Petito et al. 1986; Masliah et al. 1997) . Surprisingly, ante mortem measures of cognitive dysfunction and HAND do not correlate well with numbers of HIV-infected cells, multinucleated giant cells, or viral antigens in brain tissue (Glass et al. 1995; Achim et al. 1994; Wiley et al. 1994; Masliah et al. 1997) . Instead, increased numbers of microglia (Glass et al. 1995) , decreased synaptic and dendritic density, selective neuronal loss (Masliah et al. 1997; Achim et al. 1994; Wiley et al. 1994) , elevated tumor necrosis factor (TNF)-α messenger (mRNA) in microglia and astrocytes (Wesselingh et al. 1997) , and evidence of excitatory neurotoxins in cerebrospinal fluid (CSF) and serum (Heyes et al. 1991) represent pathological features best complementing clinical signs of HAND. An important role for monocyte-lineage cells is further supported by two studies suggesting that the amount of pro-viral HIV DNA in peripherally circulating monocytes and macrophages correlates well with HAND (Shiramizu et al. 2005 (Shiramizu et al. , 2006 .
HIV-1's genome encodes nine gene products with structural, regulatory, or accessory functions (recently reviewed in (Ellis et al. 2007) ). Most of these viral factors have been linked to distinct functions during infection and in the viral life cycle. Whereas various HIV proteins affect the course of viral infection and disease, the envelope gp120 seems to play a major role in the induction of apoptosis in infected and uninfected bystander lymphocytes (Perfettini et al. 2005a, b) . On the other hand, six HIV proteins have been reported to directly or indirectly affect neurons and glia (Ellis et al. 2007 ). Besides intact HIV-1 itself, the two proteins most intensely investigated regarding their contribution to brain injury and HAND are the structural envelope protein gp120 and the regulatory protein "transactivator of transcription", Tat (Brenneman et al. 1988; Giulian et al. 1990 Giulian et al. , 1993 Kruman et al. 1998; Liu et al. 2000; Kaul et al. 2001; Mattson et al. 2005) . Several in vitro and in vivo studies have revealed that the envelope glycoprotein gp120 and Tat of various HIV-1 strains produce injury and apoptosis in both primary human and rodent neurons (Brenneman et al. 1988; Lannuzel et al. 1995; Meucci and Miller 1996; Singh et al. 2005; Shi et al. 1996; Giulian et al. 1993; Toggas et al. 1994; Meucci et al. 1998; Kaul and Lipton 1999; Kaul et al. 2007; Hesselgesser et al. 1998; Kruman et al. 1998; Liu et al. 2000) . Recently, we have shown that both CCR5 and CXCR4 can mediate the neurotoxic effect of gp120 depending on the coreceptor usage of the virus strain from which the envelope protein was originally isolated ). Interestingly, in macrophages HIV-1 infection and exposure to just the envelope protein gp120 seem to trigger a similar neurotoxic phenotype (Giulian et al. 1990 (Giulian et al. , 1993 , and Tat alone also causes activation and release of cytokines as it can occur upon viral infection (Sui et al. 2006) .
However, in contrast to the viral envelope protein, the regulatory Tat protein can apparently interact with several cellular binding partners on the surface as well as inside a cell because it can freely diffuse through membranes (Fawell et al. 1994) . Therefore, Tat can in principle interact with all cells although the consequences may vary between the individual cell types and depending on what Tatinteracting cellular factors are present. Cell surface receptors that have been reported to provide binding sites for Tat include chemokine receptors, such as the CCR2, CCR3, and the HIV coreceptor CXCR4, the low-density lipoprotein receptor-related protein (LRP), group I metabotropic glutamate receptors and N-methyl-D-aspartate (NMDA) type ionotropic glutamate receptors (Albini et al. 1998; Ghezzi et al. 2000; Xiao et al. 2000; Eugenin et al. 2007; Neri et al. 2007; Li et al. 2008) . Intracellular proteins that have been found to directly interact with Tat comprise the glucagon synthase kinase 3β and various transcription factors, such as nuclear receptor chicken ovalbumin upstream promoter transcription factor and AFF4 (Maggirwar et al. 1999; Rohr et al. 2000; He et al. 2010) . All these possible interactions of Tat provide a wealth of potential pathways for the viral protein to promote HIV-1 infection and the associated injury of the nervous system.
In addition, transgenic mice expressing HIV/gp120 or Tat in their brains, both manifest several neuropathological features observed in AIDS brains, such as decreased synaptic and dendritic density, increased numbers of activated microglia, and pronounced astrocytosis (Toggas et al. 1994; Kim et al. 2003) . HIV/gp120-transgenic mice also develop significant physiological and behavioral changes, such as reduced escape latency, swimming velocity, and spatial retention at 12 months of age (Mucke et al. 1995; Krucker et al. 1998; Asensio et al. 2001; D'hooge et al. 1999) . The relevance of this model is further supported by the finding that the neuronal damage initiated by HIV-infected human macrophages intracerebrally administered into mice with severe combined immunodeficiency also closely resembles the neuropathology of human AIDS brains and HIV/gp120tg mice (Persidsky et al. 1996) . HIV/Tat-transgenic mice also display failure to thrive, impaired movement, seizures and premature death (Kim et al. 2003) . Intact HIV-1 as well as its components gp120 and Tat have all been linked to intracellular signal transduction prominently involving MAPKs among other factors.
Mitogen-activated protein kinases
MAPKs are a family of intracellular serine/threonine phospho-kinases that mediate the cellular response to stimuli and stresses originating in the extracellular environment. Stimuli known to activate these kinases include growth factors, pro-inflammatory cytokines, infections, neurotransmitters, hormones, or chemical and physical stresses, such as change of osmotic conditions and ultraviolet light (Pearson et al. 2001; Chang and Karin 2001; Kumar et al. 2003; Chopra et al. 2008) . The currently known MAPKs have been assigned to six groups, ERK1/2, cJun N-terminal kinase (JNK)1/2/3, p38α/β/γ/δ, ERK5, NLK, and ERK3α/β, and constitute the bottom part of a set of three-step signaling cascades which generally consist of upstream MAPK-activating kinases (MAPKK or MEK/MKK) and MKK-activating kinases (MAPKKK or MEKK; Pearson et al. 2001; Chang and Karin 2001) . MEKKs are also known as mixed lineage kinases (MLKs) as they can activate more than one signaling cascade (Gallo and Johnson 2002) . MAPK cascades are expressed in all cell types and regulate cell cycle and proliferation, differentiation and development, transcription, mRNA stability, translation, migration, inflammation, and cell survival and apoptosis. The MAPKs accomplish all these effects by phosphorylating cytoplasmic and nuclear targets, such as downstream kinases, transcription factors, and a variety of other proteins with diverse biological functions (Pearson et al. 2001; Chang and Karin 2001; Kumar et al. 2003; Chopra et al. 2008) . Generally, the activity of the various MAPKs is regulated by tyrosine-, serine-or threonine phosphatases, or dual-specificity phosphatases (MAPK phosphatases; Pearson et al. 2001) .
The biological roles of MAPKs very much depend on cell type and context, but activation of ERK has mostly been linked to cell survival and proliferation while JNK and p38 MAPK have primarily been implicated in stress-and apoptosis-related signaling (Xia et al. 1995; Chang and Karin 2001) . The stress-activated protein kinase or p38 MAPK is besides JNK the most studied of its kind in pathological or disease conditions, including neurodegeneration (Gallo and Johnson 2002; Kumar et al. 2003; Chopra et al. 2008) . Since several lines of evidence suggest a pronounced involvement of p38 MAPK at different levels in HIV infection and the associated pathological processes, we focus here primarily on p38 MAPK.
There are two well-studied signaling pathways that regulate the activation of p38 MAPK. The canonical activation pathway of p38 MAPK includes the serine/ threonine kinases (MKKKs or MLKs), which phosphorylate and activate the dual specificity MAPK kinases (MKKs such as MKK3, MKK4, and MKK6), which in turn phosphorylate p38 MAPK isoforms (Gallo and Johnson 2002; Kumar et al. 2003; Chopra et al. 2008) . Alternatively, recent studies have shown that a non-canonical activation pathway of p38 MAPK involves auto-phosphorylation aided by the association of the kinase with TGFβ-activated protein kinase 1-binding protein 1 (TAB1) (Ge et al. 2002; Kang et al. 2006) . Both pathways lead to dual phosphorylation of the kinase at Thr 180 and Tyr 182 residues, which is required for activation of p38 MAPK (Ono and Han 2000) . The canonical activation pathway can be triggered by many stimuli and is involved in multiple biological responses, including inflammation (Lee et al. 1999) . However, the role of TAB1 triggered autophosphorylation still remains elusive (Kumar et al. 2003; Chopra et al. 2008) .
The currently appreciated functions of activated p38 MAPK include phosphorylation of downstream kinases and transcription factors affecting cellular activation pathways and gene expression, stabilization of mRNA exerting control of translation, regulation of cell cycle, proliferation and development, and control of cell survival and apoptosis (Chang and Karin 2001; Gallo and Johnson 2002; Kumar et al. 2003; Chopra et al. 2008) .
The activation of p38 MAPK results in diverse responses via phosphorylation of its substrates, mostly kinases and transcription factors. The kinase substrates of p38 MAPK include MAPK-activated protein kinase 2 (MAPKAPK2 or MK2), MK3, and MK5. Activation of p38 MAPK has been shown to increase cytokine production by direct phosphorylation of downstream factors affecting either transcriptional regulation or stabilization of mRNA, or both events, especially in monocytic cells (Dean et al. 1999; Ono and Han 2000) . There are four isoforms of p38 MAPK (α, β, γ, and δ), of which the α-isoform (MAPK14) is basically expressed in every cell type. In contrast, the β-(MAPK11), γ-(MAPK12), and δ-(MAPK13) isoforms are primarily found in endothelial and T-cells, skeletal and cardiac muscle, and monocytes/macrophages, neutrophils and Tcells, respectively (Chopra et al. 2008) .
The α-isoform (MAPK14) and β-isoform (MAPK11) have been identified as the main targets of potent antiinflammatory imidazoles, such as the compound SB203580 (Lee et al. 1999) . Past studies have identified p38α MAPK as the principal isoform responsible for the inflammatory response (Kang et al. 2008) . In fact, several inhibitors of p38α MAPK have been developed for the treatment of inflammatory disorders, such as psoriasis, arthritis, or chronic obstructive pulmonary disease with mixed success in clinical trials-so far-due to possible side effects (Mayer and Callahan 2006) . While therefore p38 MAPK appears not to be an easy to handle therapeutic target, the previous clinical trials have generated important information guiding the development of improved inhibitors. A search for better drugs that allow interfering with the activity of p38 MAPK seems most desirable since this kinase has also been implicated in HIV-1 infection and the associated pathological consequences in the periphery and the central nervous system.
Involvement of p38 MAPK in HIV infection and development of HAND
Three studies investigating the mechanism of HIV-1 infection have found that inhibition of p38 MAPK suppresses viral replication and cytopathic effects in Tlymphocytes and monocytes/macrophages possibly by preventing the activation of the HIV-1 long terminal repeat, impairing reverse transcription and compromising proviral integration (Kumar et al. 1996; Cohen et al. 1997; Muthumani et al. 2004) . Accordingly, in an HIV-1 JR-CSF transgenic mouse model, in which monocytic cells produce infectious virus, bacterial lipopolysaccharide (LPS, endotoxin) in combination with granulocyte/macrophage colony-stimulating factor increases viral expression in a p38 MAPK-dependent fashion (Osiecki et al. 2005) , and a different HIV-transgenic mouse model carrying a polymerase-deficient viral genome of the strain NL-4-3 confirms these findings (Kadoki et al. 2010) . In an apparent paradox, LPS alone, which by itself is the classical inducer of an inflammatory response, can inhibit HIV-1 infection in macrophages also in a p38 MAPK-dependent fashion. In fact, SB203580, a pharmacological inhibitor of p38 MAPK, was found in the same study to restore permissiveness for infection in the presence of LPS (Zybarth et al. 1999 ). Thus, the exact effect of p38 MAPK on HIV-1 infection is context dependent.
However, we and others have found an essential role for p38 MAPK in the induction of neuronal injury and apoptotic death by HIV-1 gp120, Tat and the intact virus (Kaul and Lipton 1999; Kaul et al. 2007; Choi et al. 2007; Medders et al. 2010; Singh et al. 2005; Sui et al. 2006; Eggert et al. 2010 ; Fig. 1 ). In addition, p38 MAPK plays an important role in the activation of the monocytic cell lineage that leads to neurotoxin production (Kaul and Lipton 1999; Medders et al. 2010) . Similarly, others reported that HIV-1 infection as well as Tat and gp120 all activate p38 MAPK and upstream, MLK 3 in infected or stimulated, neurotoxic monocytes, and macrophages (Sui et al. 2006; Eggert et al. 2010) . Moreover, we have observed that p38 MAPK signaling is essential upon exposure to HIV gp120 for both the neurotoxic phenotype of macrophages and microglia, and the subsequent induction of macrophage toxin-initiated neuronal apoptosis (Medders et al. 2010) . The requirement of p38 MAPK activity in both macrophages and neurons for HIV gp120-triggered neurotoxicity to occur is therefore the same that has been reported for the transcription factor p53 (Garden et al. 2004) .
The exact molecular mechanism linking in macrophages p38 MAPK with HIV coreceptors that are engaged by viral gp120 remains currently uncertain. However, previous studies have shown that possible mechanisms of HIV-1 neuropathogenesis involve the activation and perturbation of numerous intracellular signaling pathways by HIV-1/ gp120 in association with the release of neurotoxic factors from activated macrophages and microglia (Giulian et al. 1993; Kaul and Lipton 1999; Zheng et al. 1999; Del Corno et al. 2001; Porcheray et al. 2006; O'Donnell et al. 2006 ). As such, Src family kinase Lyn, PI3K 20 (Cheung et al. 2008) , Akt ), the focal adhesion-related proline-rich tyrosine kinase Pyk2 (Del Corno et al. 2001; Cheung et al. 2008) , phosphatidylcholine phospholipase C (Fantuzzi et al. 2008) , proteins of the MAPK family (Kaul and Lipton 1999; Del Corno et al. 2001; Kaul et al. 2007; Perfettini et al. 2005a; Cheung et al. 2008; Sui et al. 2006; Eggert et al. 2010) , and the transcription factor p53 (Garden et al. 2004; Perfettini et al. 2005a ) have all been implicated as potential contributors to gp120-induced macrophage activation and neurotoxicity and provide a potential link between HIV coreceptors and p38 MAPK activation. Accordingly, HIV-1 gp120 has been shown to stimulate, besides neurotoxicity, production of proinflammatory cytokines from monocytic cells, which also could be prevented by p38 MAPK inhibition (Fantuzzi et al. 2008; Cheung et al. 2008; Lee et al. 2005 ; Fig. 1a) .
As is the case with HIV coreceptors stimulated by viral gp120 in the presence and absence of CD4, the precise mechanism of p38 MAPK activation in macrophages by Tat remains to be elucidated. However, the aforementioned finding that Tat directly interacts with chemokine receptors CCR2, CCR3, and, in particular, the major HIV coreceptor CXCR4 provides a possible explanation that suggests a pathway similar to that triggered by gp120 (Albini et al. 1998; Xiao et al. 2000; Ghezzi et al. 2000) . That interpretation also fits with reports that showed activation of MLK3, p38 MAPK, and JNK in monocytes and macrophages upon exposure to Tat and linked the signaling pathways to neurotoxicity (Sui et al. 2006; Eggert et al. 2010 ; Fig. 1a) . Moreover, a receptor-mediated effect of Tat would also be in line with a report showing induction of CXCL10 in macrophages by HIV Tat and interferon (IFN)γ via a signaling mechanism that involved MEK1/2, p38MAPK, and JAK/signal transducer and activator of transcription (STAT; Dhillon et al. 2008 ). However, since Tat can move through cell membranes and directly interact with intracellular components, including kinases and transcription factors, it seems very much possible that this viral regulatory protein may activate p38 MAPK in macrophages and potentially other immune cells also in ways that have yet to be characterized (Brana et al. 1999; Maggirwar et al. 1999; Rohr et al. 2000) .
HIV-1 infection leads in most cases to a massive demise of CD4 + T-cells by programmed cell death and eventually to AIDS (Pantaleo and Fauci 1995; Perfettini et al. 2005a, b) . Since an intact lymphocyte compartment seems to be a pre-requisite for a healthy and fully functional central nervous system, the lasting diminution of CD4 + T-cells could potentially also contribute to the development of HAND (Kipnis et al. 2008) . In any case, several studies have identified the viral envelope gp120 as one of the major triggers of apoptosis in the lymphocyte population, affecting both infected and uninfected "bystander" cells (Perfettini et al. 2005a, b; Trushin et al. 2007) . Interestingly, those studies have provided evidence that gp120 exerts its deadly effect via a pathway that involves engagement of HIV coreceptors and downstream activation in parallel of NFkB and p38 MAPK pathways and a direct phosphorylation and proapoptotic activation of p53 by mammalian target of rapamycin and p38 MAPK (Perfettini et al. 2005a, b) . Importantly, one of the studies has demonstrated activated, phosphorylated p38 MAPK and p53 in multinucleated giant cells in the cortex of patients with HIV-associated dementia, the most severe manifestation of HAND, but not healthy controls (Perfettini et al. 2005a) . Altogether, these observations strongly support a role for p38 MAPK and p53 in the development of AIDS and HAND (Fig. 1) .
There exists also a substantial amount of evidence associating elevated p38 MAPK activation with inflammation of the brain, as that seen in HIVE patients and Alzheimer's disease (AD; Kaminska et al. 2009 ). Activation of p38 MAPK signaling also occurred in neurons that were cocultured with LPS-activated microglia and this signaling was vital to induction of neuronal death (Xie et al. 2004 ). Amyloid-β-induced activation of p38 MAPK resulted in upregulation of pro-inflammatory cytokines TNFα, inducible NO synthase (iNOS), and IL-1β, and subsequent neuronal death (Delgado et al. 2008 ). Our and other groups have shown that inhibition of p38 MAPK activity in vitro with pharmacological inhibitor SB203580 or dominant negative p38αAF (TGY substituted with AGF) prevented neuronal apoptosis induced by HIV-1 gp120 or glutamate (Kaul and Lipton 1999; Singh et al. 2005; Kaul et al. 2007; Choi et al. 2007; Chaparro-Huerta et al. 2008 ; Fig. 1b) . A separate study showed that in neurons HIV-1 Tat and gp120 both activate MLK 3, which controls p38 MAPK and JNK pathways (Sui et al. 2006; Gallo and Johnson 2002) . The same and one additional report also found that inhibition or MLK 3 protected neurons from toxicity of gp120, Tat and HIV-1 infected macrophages (Sui et al. 2006; Eggert et al. 2010) . Of note, while independent pharmacological inhibition of p38 MAPK or JNK can both ameliorate the toxicity of Tat in cerebellar granular neurons, only blockade of p38 MAPK, but not JNK, can prevent Tat-induced death in striatal neurons (Singh et al. 2005; Sui et al. 2006) . Fig. 1 Summary of the apparent roles for p38 MAPK in HIV-1 infection and associated pathological processes potentially underlying brain injury, including macrophage activation and neurotoxicity, impairment of neurogenesis, and lymphocyte apoptosis. Activation of p38 MAPK by HIV-1 or its components can possibly contribute to the development of HAND and AIDS via various pathways. HIV-1 infection and replication in macrophages is associated with activation and production of neurotoxins (a). Macrophage neurotoxins induced by intact HIV-1 or its components, such as the envelope protein gp120 or the regulatory factor Tat, cause neuronal injury and death, and a direct effect of viral factors may contribute as well (b). HIV-1 or its coat protein gp120 inhibit proliferation of neural progenitors and thus compromise neurogenesis (c), and HIV-1 infection and replication in lymphocytes is associated with syncytia formation and apoptosis (d). HIV-infected and immune-activated, brain-infiltrating macrophages (MΦ) and microglia release presumably neurotoxic factors (reviewed in (Kaul et al. 2001; Gonzalez-Scarano and Martin-Garcia 2005; Kraft-Terry et al. 2009; Lindl et al. 2010) ). The list of currently suspected neurotoxins includes quinolinic acid and other excitatory amino acids, such as glutamate and L-cysteine, arachidonic acid, platelet activating factor, a small molecule named 'NTox', free radicals, TNF-α, among others. These factors from MΦ/microglia (and also possibly from stimulated astrocytes) contribute to neuronal injury, dendritic and synaptic damage and loss, and apoptosis as well as possibly to astrocytosis. MΦ/microglia and lymphocytes express CCR5 and CXCR4 chemokine receptors on their surface in addition to CD4, and viral gp120 interacts via these receptors. Entry of HIV-1 into MΦ/microglia and lymphocytes occurs via gp120 binding, and therefore it is not surprising that gp120 (and Tat) are capable of activating uninfected MΦ/microglia to release similar factors to those secreted in response to productive HIV infection. In the same way, it may not be surprising that gp120 triggers apoptosis in infected and uninfected lymphocytes. Interestingly, although both CCR5-preferring and CXCR4-preferring HIV-1 variants infect lymphocytes depending on their expression profile of chemokine receptors, syncytia formation apparently occurs exclusively via CXCR4 and HIV/gp120 that preferentially interact with this receptor. Interestingly, Tat can apparently freely cross through cellular membranes by itself and thus potentially affect all cell types. However, Tat also interacts with chemokine receptors, including CXCR4, and NMDA receptors. Neurons (and astrocytes) also possess CXCR4 and CCR5 on their surface, raising the possibility of direct interaction with gp120 in the absence of CD4. Neuronal injury involves overactivation of NMDARs with resultant excessive influx of Ca 2+ (reviewed in (Kaul et al. 2001 (Kaul et al. , 2005 Kraft-Terry et al. 2009; Lindl et al. 2010) ). This in turn leads to overactivation of a variety of potentially harmful signaling systems, among p38 MAPK. Interference of HIV-1/gp120 with the function of neural progenitor cells induces delay or even arrest of proliferation and promotes quiescence, but apparently does not result in apoptosis (Krathwohl and Kaiser 2004a, b; Okamoto et al. 2007) . Solid arrows show direct interaction or effect, while dotted arrows indicate indirect or potential direct interaction. β-Arr β-Arrestin, Cdk1 cyclindependent kinase 1, DNp38α mutant, dominant-negative interfering p38α MAPK isoform, IκB inhibitor of NFκB, MtCdc25B/C mutant Cdc25B/C, mTOR mammalian target of rapamycin, NFκB nuclear factor κB, shRNA small hairpin RNA, siRNA small interfering RNA, TAB1 transforming growth factor-β-activated protein kinase (TAK1) binding protein 1 Interestingly, primary neuronal cell cultures and macrophages, perhaps gradually more than monocytic THP-1 cells, all display a substantial level of active p38 MAPK at baseline (Singh et al. 2005; Kaul et al. 2001; Semenova et al. 2007; Choi et al. 2007; Kaul et al. 2007; Medders et al. 2010; Eggert et al. 2010) . Given the diverse physiological functions in which p38 MAPK has been implicated, the observation of a clearly detectable baseline activity may not be surprising. On the other hand, little is known about what drives and maintains this baseline activity and what the exact function of this "tonic" kinase activity is. One possible explanation is as yet undefined housekeeping functions of p38 MAPK. In fact, the general genetic knockout of p38α, but not of the other isoforms, is embryonally lethal (Adams et al. 2000; Tamura et al. 2000; Chang and Karin 2001; Kumar et al. 2003) . In contrast, conditional knockouts of p38α in epidermal, myeloid, and even monocytic cells are non-lethal but affect innate immune functions and inflammation (Kim et al. 2008; Kang et al. 2008) . In neurons, p38α activity is regulated by intracellular Ca 2+ concentration and the small GTPase Rho and linked to the activity of NMDA type of glutamate receptors and excitotoxicity (Semenova et al. 2007) . Indeed, several studies have suggested that excitoxicity itself constitutes one important mechanism of HIV-1 induced neurotoxicity (Dreyer et al. 1990; O'Donnell et al. 2006; Kaul et al. 2001; Lindl et al. 2010) . The link between glutamate receptors, influx of Ca 2+ , Rho, and activation of p38α certainly suggests that in neurons synaptic activity may be a major regulator of the kinase's baseline activity. Our studies indicate that in the context of HIV/gp120-induced, macrophage-mediated neurotoxicity inhibition of p38 MAPK prevents neuronal death, but surprisingly, neurons surviving the viral envelope's toxicity in the absence of kinase inhibitor display a higher level of active p38 MAPK compared to control cells (Medders et al. 2010) . Similarly, macrophages also show a sustained increase of active p38 MAPK over up to 4 days of exposure to HIV gp120 (Medders et al. 2010) , or 24 h after infection with intact virus (Eggert et al. 2010) . Whereas a heightened level of active kinase in macrophages can easily be explained as a sign of continuing immune activation, the lasting elevation of p38 MAPK activity in neurons raises the question of how that condition is possible without inducing neuronal apoptosis. While we cannot yet provide an answer to this question, our findings suggest that in neurons an adaptive mechanism exists that allows for survival in the presence of an increased fraction of active of p38 MAPK (Medders et al. 2010) . The fact that blockade of p38 MAPK activity allows for neurons to survive at control levels, suggests that a failure to reduce p38 MAPK activity to baseline or to trigger the above proposed adaptive process may leave neurons vulnerable to induction of apoptosis by HIV/gp120-initiated macrophage toxins. Of note, our studies also indicate that gp120 directly interacts with neurons and possibly astrocytes in the absence of microglia (and CD4), and that interaction also results in activation of neuronal p38 MAPK. However, that increase of kinase activity is short-lived and does not result in neuronal death in mixed neuronal-astrocytic cell cultures (Medders et al. 2010 ).
In the case of Tat, interaction with the NMDA receptor, and consequent modulation of intracellular Ca 2+ homeostasis, provides a possible explanation for the activation of p38 MAPK in neurons (Li et al. 2008; Neri et al. 2007 ; Fig. 1b) . Tat has also been reported to initiate in neurons a macromolecular complex comprising LRP, postsynaptic density protein-95, NMDA receptors, and neuronal nitric oxide synthase that locates to the plasma membrane (Eugenin et al. 2007 ). Interestingly, that protein complex seems to cause apoptosis not only in NMDA receptorexpressing neurons but also in neurons lacking that type of ionotropic glutamate receptor and astrocytes. Regarding Tat's pathological effect on intracellular ion homeostasis, other reports showed the viral protein to activate neuronal ryanodine receptors, which in turn induced an unfolded protein response and mitochondrial hyper-polarization (Norman et al. 2008) . Tat was also able to increase intracellular Ca 2+ , to trigger mitochondrial production of reactive oxygen species and peroxynitrite, and caspase activation and eventually neuronal cell death (Kruman et al. 1998) . Independently, Tat has been found to induce neuronal expression of TNFα and cause neurotoxicity in a pathway involving NFκB (New et al. 1998) . Another detrimental pathway directly triggered by Tat in neurons includes increased expression of components of the p53 pathway, p53, and p73, followed by retraction of neurites and expression of the pro-apoptotic Bcl2 family protein Bax (Mukerjee et al. 2008) . Finally, Tat has also been found to affect neuronal synapses by dysregulating microRNAs. Altered expression of neuronal miR-128 inhibits expression of the presynaptic protein SNAP25 (Eletto et al. 2008) . Although none of these studies on Tat's direct effect(s) on neurons addressed the activation of p38 MAPK per se, all the presented data and pathways share a common phenomenon, namely cellular stress and deterioration, which makes the presumed involvement of the stress-associated kinase very feasible. In fact, the studies discussed in this paragraph all provide potential explanations for the activation of p38 MAPK and JNK following direct exposure to Tat that has been reported for striatal neurons (Singh et al. 2005) .
Astrocytes are widely believed to be ill-suited for productive HIV-1 infection which may only occur under certain circumstances, such as stimulation of the glial cells with IFNγ prior to contact with virus (Blumberg et al. 1994; Carroll-Anzinger and al-Harthi 2006; Carroll-Anzinger et al. 2007 ). In any case, infection of astrocytes by the virus appears to be mediated by a mannose receptor (Liu et al. 2004 ) while a direct interaction of gp120 with astrocytic chemokine receptors may also indirectly contribute to neuronal injury independently of whether or not an infection occurs (Klein et al. 1999; Lazarini et al. 2000; Li et al. 2007 ). Although we observed a clearly detectable amount of p38 MAPK protein in astrocytes, exposure to HIV gp120 did not result in a significant increase in the amount of active kinase in this cell type (Medders et al. 2010) . However, increased active p38 MAPK and JNK have been reported in brains of SIV-infected macaques with encephalitis (Barber et al. 2004) . Interestingly, p38 MAPK has also been implicated in the reaction of astrocytes exposed to HIV-1 or Tat, such as the production and release of CCL2, CXCL8/IL-8 and CXCL10 (Kutsch et al. 2000; Williams et al. 2009a, b; Zheng et al. 2008) .
Comparable to the direct interaction of HIV/gp120 with neurons and astrocytes, recent evidence strongly suggests that the virus and its envelope protein can directly interfere with biological functions of neural stem and progenitor cells (reviewed in (Kaul 2008) ). Stem cells are thought to be undifferentiated, multipotent, and to possess unlimited capacity of self-renewal, whereas progenitor cells are considered to represent a population with limited ability to proliferate and committed to a restricted number of differentiation pathways (Morrison et al. 1997) . Both of these cell types lack CD4, but express the two major HIV coreceptors. Of those, the CXCR4-CXCL12/SDF-1 receptor-ligand axis serves important roles in the physiological function of hematopoietic and neural stem cells (Asensio and Campbell 1999; Tran and Miller 2003; Lazarini et al. 2003; Belmadani et al. 2005 ). In addition, we have observed that activation of CCR5 can cross-desensitize CXCR4 in cerebrocortical neuronal cell cultures . Thus, whatever the coreceptor usage of a given HIV envelope may be, both CCR5-preferring HIV/gp120 and CXCR4-preferring virus can potentially interfere with physiological processes depending on CXCR4-mediated signaling. Moreover, it has been reported that human neural progenitor cells are permissive to HIV-1 whereas the virus apparently fails to productively infect neurons (Lawrence et al. 2004; Mattson et al. 2005; Schwartz and Major 2006) . In any case, HIV-1/gp120 and chemokines can affect human or rodent neural progenitor cells (Krathwohl and Kaiser 2004a; Krathwohl and Kaiser 2004b; Okamoto et al. 2007) . Comparable to what has been observed by others in brain specimen from HAND/HAD patients, we also found a reduction of proliferating neural progenitors in the hippocampal dentate gyrus of transgenic mice that express HIV/ gp120 in the brain in comparison to non-transgenic controls (Krathwohl and Kaiser 2004b; Okamoto et al. 2007) . In an immunofluorescence study, we found that progenitors express both HIV coreceptors, CXCR4 and CCR5, and treatment with HIV-1/gp120 in vitro reduced the proliferation of adult progenitors without producing apoptosis (Okamoto et al. 2007 ). Further analysis revealed that gp120 inhibits proliferation of neural progenitor cells through activation of a pathway that engages in the following order p38MAPK, MAPKAPK2 (MK2), a cell cycle checkpoint kinase, and Cdc25B/C which in turn causes a delay or even arrest of the cell cycle in the G1 phase (Fig. 1c) . The compromised proliferation of neural progenitors imposed by gp120 diminishes the number of progenitor cells for subsequent differentiation into neurons, thus quantitatively impairing neurogenesis (Okamoto et al. 2007) . Of note, neurogenesis in the hippocampal dentate gyrus is considered to be essential for learning and memory formation, neurocognitive functions which are impaired in HAND. The apparent ability of HIV-1 and its envelope to interfere with the normal function of neural progenitor cells raises the possibility that the development of HAND entails not only injury and death of existing neurons in response to soluble, macrophage-derived neurotoxins initiated by HIV-1 gp120, Tat or the intact virus, but also virus-induced disturbance of tissue homeostasis and renewal mechanisms in the CNS.
While the here discussed literature clearly supports the notion that activation of p38 MAPK may play a critical role in HIV-1 infection and development of AIDS and HAND, there still remains a lot to be learned about signaling pathways downstream of the MAPK, in particular in immune and neural cell types. The transcription factor p53 and the kinase MAPKAPK2 are the two downstream substrates of p38 MAPK that have been most directly implicated in HIV infection, AIDS and HAND: the transcription factor in macrophages, lymphocytes and neurons, the kinase in neural progenitors (Garden et al. 2004; Perfettini et al. 2005a; Okamoto et al. 2007 ). However, the induction of cytokines and chemokines by HIV-1, gp120 or Tat in immune cells and astrocytes that has been linked to p38 MAPK suggests that MAPKAPK2-dependent signaling also occurs in these cell types (Pearson et al. 2001; Koistinaho and Koistinaho 2002; Kumar et al. 2003; Mayer and Callahan 2006; Chopra et al. 2008) . Downstream targets of p38α MAPK are found in all cell types, including immune and neural cells, and comprise besides kinases, transcription factors and a spectrum of other proteins (Chopra et al. 2008) . In contrast, substrates of the other p38 MAPK isoforms are more restricted to the respective cell types in which the kinases are expressed, but those downstream targets are largely shared with p38α MAPK. For example, activating transcription factor-2 can in principle be phosphorylated in macrophages and CD4 + T cells by p38α and δ but proinflammatory signaling in general has mostly been linked to activation of the α isoform (Hale et al. 1999; Chopra et al. 2008) . Interestingly, p38 MAPK also directly activates cytosolic phospholipase A2 and STAT-1 and thus plays a role in IFN signaling (Goh et al. 1999; Kovarik et al. 1999; . Regarding neuronal signal transduction other than that occurring in neural progenitor cells, two substrates of p38α MAPK have recently drawn scrutiny in the context of neuronal development and survival on one and neurodegeneration on the other hand: myocyte-enhancing factor −2 C, a transcription factor, and the microtubule-associated protein Tau (Mao et al. 1999; Goedert et al. 1997; Munoz and Ammit 2010) . In fact, increased phosphorylation of Tau has not only been found in AD but also in neuropathological changes induced by HIV gp120 (Kang et al. 2010 ). However, it remains to be shown how much p38 MAPK contributes to pathological Tau phosphorylation in neurons in AD and HAND.
Potential therapeutic strategies for targeting p38 MAPK in HIV infection and development of HAND
The mixed success of p38 MAPK inhibitors in clinical trials for several diseases other than HIV infection and HAND was due to concerns about possible side effects (Mayer and Callahan 2006; Chopra et al. 2008 ). Yet, the potentially important role of p38 MAPK in HIV-1 infection and development of AIDS and HAND, in combination with the lack of a specific therapy for neuroAIDS and HAND warrant a continued search for improved inhibitors of the kinase and better therapeutic strategies. The multitude of physiological processes to which p38 MAPK contributes, the strong context dependence of the kinase's biological function, and the presence of three isoforms with cell typerestricted expression patterns, all may pose challenges and opportunities at the same time. The universal expression of p38α and its prominent role in inflammation may require the development of new drug delivery approaches rather than new inhibitors. Novel delivery strategies should allow for targeting of specific cell types or tissues. That may currently seem most feasible for certain peripheral immune cells, where inhibition of p38 MAPK could help to limit the spread of the virus by complementing the effects of HAART, but it could eventually also become possible for the central nervous system in its entirety or even for specific neural cell types. Intranasal application, such as recently shown for erythropoietin in combination with insulin-like growth factor-1, may be one route to enhanced drug delivery to the central nervous system (Kang et al. 2010) , but additional innovative approaches will be required to accomplish cell type-specific delivery of p38 MAPK inhibitors within the brain.
Most previously tested p38 MAPK inhibitors primarily interact with the α-and β-isoforms and predominantly act as ATP competitiors (Kumar et al. 2003; Mayer and Callahan 2006; Chopra et al. 2008) . This situation leaves the other isoforms yet to be explored as targets, such as p38δ which is strongly expressed in two major HIV targets, macrophages and CD4 + T cells (Hale et al. 1999 ). Furthermore, compounds blocking other parts of p38 MAPK than the ATP binding site could also provide new and improved therapeutic properties. For that reason, dominant negative-interfering mutants (DN), such as p38αAF, could be helpful, in particular if the mutant proteins could be targeted to specific cell types and tissues (Medders et al. 2010) . It remains to be seen for example whether the above discussed intranasal application can facilitate the delivery of DN p38 mutants into the brain.
Interestingly, protective inhibition of p38 MAPK can apparently also be achieved by compounds that were not initially developed as kinase inhibitors or may have more than one mechanism of action. An example of such a scenario is provided by minocycline, a tetracycline antibiotic that readily crosses the blood-brain barrier and has been clinically used since the 1970s (Cappel and Klastersky 1971) . Minocycline has been found to protect neurons against excitotoxicity and to prevent excitotoxin-induced p38 MAPK activation, and production of nitric oxide (NO) and IL-1 as well as proliferation in microglia (Tikka et al. 2001) . In cerebellar granular neurons, the tetracycline abrogates NO-induced death by inhibiting p38 MAPK , and in glia the antibiotic reduces expression of iNOS and caspase-1 ). In addition, one study found that minocycline protects neurons against glutamate-induced excitotoxicity by not only preventing activation of p38 MAPK but also stabilizing the level of active Akt (Pi et al. 2004) . Potentially important for clinical application in HIV-1 infection and HAND, the tetracycline reduces active p38 MAPK, inflammatory markers and brain injury in a model of SIV encephalitis (SIVE), and inhibits in vitro SIV and HIV infection (Zink et al. 2005) . A more recent report proposes as the underlying mechanism a suppression of SIVE involving reduction of NO production and inhibition of apoptosis signal-regulating kinase-1 with consequent reduction of active p38 MAPK and JNK (Follstaedt et al. 2008) . While all these studies clearly associate the protective effect of minocycline with a reduction of p38 MAPK activity, it remains unclear if the tetracycline inhibits the kinase in a direct or indirect fashion. In fact, it has been suggested that the cytoprotective effect of minocycline occurs at the mitochondrial level by prevention of a pro-apoptotic cell stress pathway that comprises a permeability transition event at the organelle's membrane followed by the release of cytochrome C and activation of caspase-3 (Zhu et al. 2002) . Since microglia and astrocytes can be activated by distressed neurons, a reduction of active p38 MAPK in glial cells and neurons could indirectly result from the prevention by minocycline of injurious neuronal stress which in turn ameliorates glial activation. However, regarding inhibition of HIV or SIV infection by the tetracycline, it is unknown if a mitochondria-based mechanism is involved. Thus, despite the fact that questions remain about the exact protective mechanism, minocycline is being evaluated in a clinical trial for a therapeutic effect in HIV-1 infection of the central nervous system (ClinicalTrials.gov Identifier: NCT01064752).
In summary, signaling via p38 MAPK constitutes a common crucial theme in HIV-1 infection and development of AIDS and HAND. Hence, the continued quest for better p38 MAPK inhibitors and strategies for their targeted delivery remains an urgent matter.
